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Owing to their wide tunability, spin- and valley internal degrees of freedom, and low disorder, graphene
heterostructures are emerging as a promising experimental platform for fractional quantum Hall (FQH) studies.
Surprisingly, however, transport measurements reveal many fewer FQH states than bulk capacitive probes. Here,
we report the fabrication of dual graphite-gated monolayer graphene devices in an edgeless Corbino-type ge-
ometry that showing deep FQH sequences. Thermal activation gaps reveal a tunable crossover between single-
and multi-component FQH states in the zero energy Landau level, while the first Landau level is found to host
an unexpected valley-ordered state at ν = −4.
Advances in graphene sample fabrication over the past
decade including suspension [1, 2], hexagonal boron nitride
(hBN) gate dielectrics [3], hBN encapsulation [4, 5], and most
recently dual single-crystal graphite gates [6], have increased
sample quality in graphene heterostructures so that a variety of
fractional quantum Hall (FQH) states can now be accessed[6–
18]. In contrast to III-V quantum wells, the exceptional qual-
ity of the sample bulk in the most recent generation of dual-
graphite gated devices does not manifest clearly in transport
measurements[6, 17], a discrepancy attributed to the uncon-
trolled electrostatics and chemistry of graphene crystal bound-
aries. Unfortunately, this has precluded quantitative studies of
FQH energy gaps in ultra-clean devices, and poses an obsta-
cle to realizing transport transport devices based on FQH edge
states.
In this Letter, we report the fabrication of dual-graphite
gated, hBN encapsulated devices with Corbino topology. Be-
cause current flows only through the sample bulk, Corbino
device enable direct measurement of the longitudinal conduc-
tivity Gxx, and are ideal for thermal activation gap measure-
ments. However, previous realizations of Corbino geometry
graphene heterostructures have lacked the requisite sample
quality [19–22] to access the FQH regime. Our fabrication
technique, moreover, can be extended to a variety of other
geometries including those incorporating electrostatically de-
fined edges.
Our fabrication process (Fig. 1(a)) begins with a dry-
transfered van der Waals stack [5] comprising a graphene
sheet sandwiched between two graphite gates and two hBN
spacer layer. We use lithography and a CHF3/O2 etch to shape
the top graphite layer, which will become the bottom gate of
the completed device. The stack is then picked up using a PPC
film, and the film removed from a carrier PDMS substrate and
placed stack-side-up on a new chip. The underlying PPC film
is then thermally sublimated at 375◦ C, leaving the inverted
stack on the chip surface. The stack is shaped with another
CHF3/O2 etch, and covered with a fourth hBN flake to isolate
the exposed edges of the graphite gates. A final etch shapes
the device and opens internal apertures for Cr/Pd/Au contacts
to the graphene flake. Flipping the stack allows independent
shaping of the top and bottom gates, permitting a wide variety
FIG. 1. Edgeless graphene devices. (a) Steps for fab-
ricating internal contacts. (i) Dry transfer produces an
hBN/graphite/hBN/graphene/hBN/graphite heterostructure. (ii) A
hole is etched in the top hBN and first graphite layer. (iii) The stack
is flipped upside down, exposing the 2nd graphite layer. (iv) The ex-
posed graphite is etched and (v) another hBN flake deposited. (vi)
A hole is etched through the entire stack to expose the graphene for
(viii) edge contacting[5]. (b) Optical micrograph of Device A. Scale
bar is 10 µm. (c) Conductance of Device B at low magnetic fields.
The insulating state persisting through B = 0 at charge neutrality is
associated with broken AB sublattice symmetry [23, 24]. (d) Ther-
mally activated transport at charge neutrality in device A. The mea-
sured activation gap ∆AB ≈114 K.
of geometries with internal contacts.
We focus on two samples with large substrate-induced sub-
lattice splitting ∆AB ≈ 10 meV [23, 24]. This is evidenced
by B⊥ independent insulating state at charge neutrality that
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2FIG. 2. FQH gaps in the zero energy LL. (a) FQH states in Device A at B⊥ = BT = 14 T. Conductance minima are highly symmetric
under particle hole inversion across the single LL, ν ↔ −1 − ν. (b) FQH states in Device A at 18T. (c) FQH activation gaps in Device A
at B⊥/BT=10T/14T. Dashed lines are numerical results for a single component system [25] with  = hBN‖ = 6.6 and phenomenological
broadening Γ=7.2K. (d) Schematic of particle hole symmetry in the case of single component (i) and 2-component FQH (ii). In the 2-
component case, particle hole symmetry is present only across the whole doubly degenerate LL, while in the single component regime each
singly degenerate LL is particle hole symmetric. (e) BT dependence of n/3 activation gaps for B⊥ = 4 T. The gaps at -2/3 and -4/3 grow
with BT below B∗T ≈ 6.4 T before saturating. Black lines indicates expected slope for spin flip excitations involving s = 1 and s = 2 flipped
spins. (f) Λ-level energy diagram for ν = −1/3 and ν = −2/3. Left- and right-hand Λ-levels are spin up and down states, respectively. For
BT < B
∗
T , the polarized −2/3 state has low energy excitations consisting of a spin reverse particle-hole pair, while the −1/3 state admits
only spinless particle-hole excitations. For BT > B∗T , particle-hole excitations prevail for all states.
shows thermally activated behavior (Fig 1(c-d)). Integer quan-
tum Hall features emerge below 50 mT, while FQH features
emerge starting at B⊥ ≈1T. Fig. 2(a) shows transport mea-
surements at B⊥=14 T at T≈30 mK. We observe a series of
insulating states at fillings ν = p2p±1 with p up to 7, as well
as several states ν = p4p±1 sequence. An insulating state
at ν = −1/2 appears for a narrow range of magnetic field
around 18 T (Fig. 2(b)), consistent with recent capacitance
measurements in devices with finite ∆AB [18].
The high quality of the insulating FQH states and experi-
mental access to the conductivity allow us to measure FQH
gaps using thermal activation. The FQH activation gap ν∆
measures the energy of the lowest energy charged excitation
at filling ν, which for a single component system is a quasi-
particle/quasihole pair. In graphene quantum Hall systems,
however, the spin and valley degrees of freedom allow for acti-
vated charge transport via low energy spin- or valley-textures,
known as skyrmions. Skyrmions manifested in early stud-
ies of graphene FQH effects as strong violations of particle
hole symmetry across a single component LL. Measurements
found robust charge gaps at ν = ±4/3, ±2/3, and ±1/3 but
strong suppression of FQH at ν = ±5/3, attributed to low
energy valley skyrmions at the latter filling [9, 10]. Spin
and valley physics is further complicated by strong valley
anisotropies near ν = 0 [26], precluding quantitative compar-
ison of FQH gaps to numerical calculations which are most
accurate for systems without internal degeneracy.
Fig. 2(c) shows thermal activation gaps for a range of frac-
tional fillings at perpendicular magnetic field B⊥ = 10 T
and total magnetic field BT = 14 T. In contrast to prior
experiments[9, 10, 18], the energy gaps are highly particle
hole symmetric across individual spin- and valley resolved
LLs, as expected for single component FQH systems. Indeed,
our measured FQH gaps are well matched to exact diagonal-
ization calculations [25] using only a single phenomenolog-
ical LL broadening parameter, Γ, to capture the effects of
disorder, so that ν∆meas = ν∆ED − Γ. All four series of
gaps within the lowest LL are well fit by Γ = 7.2 K. For
comparison, similar analysis on a GaAs 2DEG of mobility
7 × 106 cm2/V sec found Γ = 2 K from fitting the behavior
of the 1/3 state[27]. Restriction of FQH excitations to a single
spin component is further supported by the absence of any de-
pendence onBT , which influences the energy of spin textured
excitations via the Zeeman energy gµBBT (here g=2 is the
electron gyromagnetic ratio, µB is the Bohr magneton). We
find that gaps at B⊥ = 10 T, BT = 14 T are equal to those
3FIG. 3. Fractional and integer QH gaps in the first excited LL. (a)
Conductance of Devices A measured at B = 10 T. (b) Measured
FQH activation gaps. Dashed lines are linear fits to the function
∆ = eBeff/mcyc−Γ (defined in the main text) for each FQH series
labeled by the numerals (I-VIII). (c) Composite fermion cyclotron
massmcyc and (d) broadening Γ extracted from the linear fits for the
different FQH series I-VIII in the first excited LL.
measured at B⊥ = BT = 10 T within experimental error,
consistent with the second spin branch remaining inert.
Our results point to the critical role of ∆AB in determining
the excitation spectrum of FQH states in graphene. The role
of internal degeneracy in FQH systems is controlled by the ra-
tio between the single-particle splitting of that degeneracy (the
spin- or valley-Zeeman energy EZ) and the Coulomb energy,
κ = EZ/EC , where EC = e2/(`B) ≈ 8.5meV
√
B⊥[T]
using the measured [28] in-plane dielectric constant of the en-
capsulating hBN layers  = 6.6. Theoretical calculations [29]
suggest that multicomponent physics is relevant in the FQH
regime only for small values of κ < 0.05, with the pre-
cise threshold strongly dependent on the filling factor. In
graphene, the spin and valley degeneracy can each play a role;
however, in the lowest LL, the large AB-sublattice splitting
in our devices amounts to a large valley Zeeman effect [23]
so that κ > 0.275 over the range 0 < B⊥ < 18 T. The val-
ley degree of freedom is thus inert within the lowest LL. Data
in Fig. 2(c) correspond to κ = 0.06, consistent with single
component behavior.
However, the regime of low κ is achievable in the spin sec-
tor, with κ = 0.027 at B⊥ = BT = 4 T. Indeed, at low mag-
netic field several gaps within the lowest LL show strong BT
dependence. Figure 2(e) shows the evolution with BT of the
ν = −1/3,−2/3,−4/3, and −5/3 gaps at B⊥ = 4 T. While
the ν = −1/3 and −5/3 gaps are independent of in-plane
magnetic field, the ν = −2/3 and −4/3 gaps grow rapidly
with B⊥, saturating for B⊥ & B∗T ≈ 6.4 T (equivalent to
κ & 0.043). Above B∗T , all four gaps are equal within experi-
mental error. BT thus tunes a transition between 2-component
and single component FQH physics.
The behavior at all n/3 fillings is qualitatively captured
by considering a simplified noninteracting composite fermion
(CF) model, sketched in Fig. 2(f). In the CF picture, FQH
states at filling ν = p/(2p ± 1) and external field B are en-
visioned as integer quantum Hall effects of emergent, non-
interacting composite particles consisting of an electron and
two magnetic flux quanta at an effective magnetic field of
Beff = 1 − 2bνc and filling factor νeff = p. Thus the −1/3
state corresponds to filling a single CF LL, known as a Λ-
level, while the −2/3 consists of filling 2 Λ levels. The −5/3
(−4/3) state is related to the −1/3 (−2/3) state by particle
hole symmetry across the 2-component LL, ν ↔ −2− ν.
In this picture, the Zeeman energy at B⊥/BT = 4T/4T
is sufficient to spin polarize the −2/3 ground state, but small
enough that the low energy excitations are spin flips [30, 31].
For BT > B∗T , however, the increased Zeeman energy makes
the spin flip excitation energetically unfavorable, resulting in
a crossover to a conventional inter-Λ level particle-hole ex-
citation without a reversed spin. At ν = −1/3, in contrast,
spin-flip excitations are not favored even at the lowest values
of κ probed.
In real systems, residual composite fermion interactions
lead to significant corrections to energy gaps and the details
of spin transitions, which can be captured by numerical sim-
ulations. The absence of spin-flip excitations at ν = −1/3 is
consistent with such calculations, which predict such excita-
tions for κ < 0.009, or B⊥ = BT < 0.44 T in hBN encap-
sulated graphene [32]. In an interacting composite fermion
picture, moreover, the spin flip excitations themselves can in-
volve multiple spins, which manifest in the BT dependence
of energy gaps as ∂∆/∂BT = sgµB where s corresponds to
the number of flipped spins. Our observation of s > 1 (see
Fig. 2(e)) suggests that excitations at ν = −2/3,−4/3 are
extended spin textures rather than single reversed spins. The
nature of thermal spin excitations at ν = 2/3 has only begun
to be addressed numerically [33], however. Finally, in the ab-
sence of a Zeeman effect, interactions favor a spin unpolarized
2/3 state for κ < 0.017 [29, 34]. A spin unpolarized −2/3 is
thus expected at B⊥ = BT < 1.8 T, just below the regime
where the 2/3 state is develops in our samples.
The first excited LL (-6< ν <-2) also shows robust FQH
sequences (Fig. 3(a)). Activation gaps, although similarly
Zeeman energy independent (see Fig. S3(c)-(d) [35]), diverge
sharply from those in lowest LL (Fig. 2(c)). Most promi-
nently, the level is strongly particle-hole asymmetryic; i.e.,
the energy gap −2−ν∆ 6=−6+ν ∆. This asymmetry indicates
that LL mixing plays an important role in determining the size
of activation gaps. In this picture, FQH states in the first ex-
cited LL mix at high |ν| mix more heavily with the higher
LL, whose orbital structure is less favorable to FQH states.
Because applicable numerical simulations are not available,
we analyze the data using a noninteracting composite fermion
picture. The CF picture predicts a linear dependence of the en-
4FIG. 4. Valley ordered phase at ν = −4 in Device B (for Device A
see Fig. S3(e) [35]). (a) Conductance in the first excited Landau level
atB⊥ = BT . Two insulating states are visible, at low- and highB⊥,
noted schematically in (b). (c) Conductance in the first excited LL in
tilted field, withB⊥ = 0.67BT . The lowB⊥ state is suppressed. (d)
Level crossing model for the phase transition. A valley ordered state
(VO) driven by a valley splitting ∆V (which may have either single-
particle or many body origin) is suppressed by the Zeeman splitting
EZ , which favors a spin-polarized state (SP).
ergy gaps on ν within each FQH series, a trend well matched
by the data, and allows us to quantify trends in ν across the
level. In addition to the broadening Γ defined above, lin-
ear fits are parameterized by a phenomenological composite
fermion cyclotron mass mcyc such that ∆meas = ~eBeffmcyc − Γ.
Figs. 3(c)-(d) show the result of free fits of the measured gaps
across the LL.
We also find a new phase at integer filling ν = −4, cor-
responding to half filling of the first excited LL. Fig. 4(a)-
(b) shows low B⊥ measurements in the first excited LL, with
a phase transition at B⊥ ≈ 2.3T evident as a rise in con-
ductivity at ν = −4 separating distinct low- and high-B in-
sulating states. Increasing BT by tilting the field strength-
ens the high B⊥ state, suggesting that it is spin polarized
(SP) while the low B⊥ insulator is a spin unpolarized, and
consequently valley ordered (VO), quantum Hall ferromag-
netic state (Fig. 4(c)). The transition can be understood phe-
nomenologically by competition between the spin Zeeman
effect and a valley-splitting ∆V , with the transition occur-
ring when ∆V = EZ , allowing us to estimate ∆V ≈ 3K
(Fig. 4(d)).
The origin of ∆V is not clear. While a sublattice gap
∆AB generates a large single particle splitting in the low-
est LL, it generates a much smaller splitting in the first ex-
cited LL of ∆V  1K. It is thus instructive to compare
the competition between the phases in the first half-filled LL
(ν = −4) in which a valley Zeeman due to the band struc-
ture is weak, with the competition between phases in the low-
est half-filled LL (ν = 0) in samples with ∆AB ≈ 0. In
the latter case, anisotropy of the Coulomb interactions them-
selves [36, 37] choose between a set of nearly degenerate
states polarized within the spin- and valley- isospin space.
The resulting ground state is believed to be an antiferromag-
net, which can be suppressed in favor of a spin polarized state
by large BT . Determining the nature of the low-B insulating
state at ν = −4 may involve a similarly subtle interplay of
anisotropies, with ∆V having either single-particle or many-
body origin.
In conclusion, we have introduced a versatile fabrication
method for producing van der Waals heterostructure devices
in which measured transport occurs entirely through the sam-
ple bulk. Precision measurements of activated transport reveal
that graphene 2D electron systems are comparable to high mo-
bility GaAs quantum wells in sample quality, and can realize
much of the same fractional quantum Hall physics. Our re-
sults clarify the role of spin physics in graphene FQH states,
which have been proposed a a basis for topological supercon-
ductivity using superconducting proximity effects in the frac-
tional quantum Hall regime [38]. They further reveal a new,
likely correlation driven insulating phase at ν = −4, which
will be the basis for future study of correlated electrons in
a magnetic field. Future experiments may also leverage this
fabrication technique, for example to study edge transport in
entirely gate-defined devices fabricated in the interior of a sin-
gle graphene flake.
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1Supplementary information for: Quantitative transport measurements of fractional quantum Hall energy gaps in
edgeless graphene devices
FABRICATION AND MEASUREMENT DETAILS
Optical images of the different fabrication steps of Device A are shown in Fig. S1. The initial stack had the following structure:
hBN/graphite/hBN/MLG/hBN/graphite (top-to-bottom). hBN flakes used in devices A and B have thickness of 50-60 nm. The
openings for contact regions were etched in the top hBN/graphite layers by a partial CHF3/O2 etch with PMMA mask. Then
the stack was picked up from substrate onto PPC/PDMS structure analogous to those used during the stack assembly. PPC film
was separated from the PDMS substrate and applied to a new substrate so that the stack is on top of the film. Then the PPC
between the stack and the substrate was removed by annealing at 375◦ C. This accomplishes flipping the stack (Fig. S1(c)). O2
etch is used to make openings in the top graphite layer, which are aligned with the openings in the bottom gate but have a larger
size. The partial stack is them covered with another hBN flake to isolate the top gate from the contact leads which run on the top
surface of the device. A 40 nm thick Al mask made by lift-off was used for the final etch to define the shape of the device and
to etch tranches in the contact regions where the MLG layer is contacted. The contacts were made by deposition of Cr/Pd/Au
contacts 3/15/150 nm and subsequent lift off.
Device A has three islands where the contact to the dual-graphite-gated MLG is made. One of them is shown in the inset of
Fig. S1(h). The center of each island has a trench which is etched through the entire stack. Adjacent to each side of the trench
are two small contact regions, in which graphene is gated only by the substrate. Voltage of -20 to -70 V is applied to the substrate
during the measurement to dope the contact regions and decrease the contact resistance. The tranche and two contact regions
are surrounded by region of the stack where graphene is gated by the bottom gate. During the measurements of conductance
in Device A, presented in this paper, two contacts belonging to different islands were used as a source and a drain. Bottom
gate was used to control the carrier density in MLG layer, while the top gate was grounded. In Device B, the contact regions
have simpler structure (inset in Fig. S2(c)): nearly coincident circular windows are etched in both gates across which a trench is
etched. During the measurements top gate was used to dope the MLG layer and the bottom gate was grounded.
Most of the measurements were done in a dilution refrigerator equipped with a rotator probe. The measurements at high
fields (> 14 T) were conducted in He3 refrigerator at the National High Magnetic Field Lab. The conductance of the devices
was measured by applying ac voltage excitation of 50-200 µV to one of the contacts which acted as a source. One of the other
contacts served as a drain while the rest of the contacts other than source and drain were left disconnect. The current flowing
FIG. S1. Fabrication steps for Device A. (a) Unprocessed stack. Dashed, dotted and solid lines mark the outlines of the bottom gate flake,
top gate flake and graphene flakes in the stack. Rectangle marks the size of the region shown in (b)-(h). (b) The stack after partial etch which
shaped the top graphite flake (bottom gate of the completed device). (c) The stack after flipping. (d) After shaping the top gate with another
partial etch. (e) Stack is covered with hBN flake. (f) Lift-off is used to make an Al mask for the final etch which shapes the device and opens
apertures for edge contacts to graphene layer. (g) After the final etch. (h) Completed device after the deposition of Au/Pd/Cr contacts. Inset
shows the structure of a contact region in Device A. Two green regions adjacent to edge contacts are substrate gated regions of MLG. Purple
region is gated by bottom gate only. Dark region is gated by both top and bottom gates of the device. All scalebars in (a)-(h) correspond to
10 µm.
2into the drain was measured by using current preamplifier(Ithaco) and lock in amplifier (SRS830).
COMPARISON OF DEVICES A AND B
Both devices A and B have similar substrate induced sublattice splitting gap. It manifests itself as 20 mV insulating state
measured at near the charge neutrality point (Fig. S2(a), (c)). Further both devices show the insulating states at ν=-1/2 which
emerge at 18 T and 21 T accordingly in devices A and B (Fig. S2(b),(d)).
FIG. S2. Comparison of gaps in devices A and B. (a),(c) Conductance of device A and B accordingly, measured in zero magnetic field as a
function of gate voltage. The measurement for Device A was done at 300 mK and for device B at 50 mK. (b),(d) Half integer insulating states
are observed for both devices A and B correspondingly at 18 T and 21 T. The optical image of Device B is shown in the inset in (c). Scale bar
is 10 µm
FQH GAPS AND TRANSITIONS
Figure S3(a) shows thermally activated behavior of conductance measured for the ν = n/3, n/5, n/7 and n/9 FQH states
within the interval ν=(-2,0) at B⊥/BT=10T/14T in Device A. Figure S3(b) shows thermally activated behavior of conductance
at ν = −2/3 at B⊥ = 4 T and varying BT . Activation gaps measured in n/3 FQH states for ν ∈ (-6, 0) at B⊥=4 T and several
values of BT are shown in Fig. S3(c). In contrast to ν=-2/3, -4/3 insulating states in which the gaps show strong dependence
on BT , the FQH states in the first excited Landau level remain nearly unchanged as BT increases (see also Fig. S3(d)). This
suggest that the charge carrying excitations in n/3 gapped states for ν ∈ (-6,-4) states do not involve spin flip. Further, the
relative magnitude of gaps measured at B⊥=4 T is close to that measured at B⊥=10 T. Similar to Device B, the gap in the
insulating state at ν=-4 in Device A closes around 2.2 T.
3FIG. S3. FQH gaps and transitions in the first excited Landau level. (a) Conductance measurements showing thermally activated behavior.
The color coding of points corresponds to that of points shown in Fig. 2(c) in the main text. (b) Thermally activated behavior of conductance
at ν = −2/3 at B⊥ = 4 T and varying BT . (c) n/3 gaps measured in device A at B⊥=4 T as a function of BT . While the gaps in ν=-2/3, -4/3
FQH states show strong dependence on BT , the gaps in rest of the n/3 FQH states remain nearly unchanged withing measurement error. The
dependence of n/3 in the first excited LL as a function of BT is shown separately in (d). (e) Transition between insulating states at ν = −4
in Device A is observed around 2.2 T.
